Abstract-We present in this paper a novel proactive interference avoidance scheme for mobile-to-mobile (M2M) communication as an underlay in Long-Term Evolution (LTE) downlink networks. The proposed scheme introduces an intelligent userselective resource allocation algorithm that aims to proactively avoid interference between M2M pairs and LTE regular users while achieving a satisfactory link budget for both M2M and LTE regular links. The proposed resource allocation algorithm is based on a novel low-complexity interference estimation approach that requires only channel quality indicator (CQI) information (CSI). Since the CQI reporting mechanism has been already implemented in current LTE systems, the proposed algorithm is indeed practical and standard compatible, compared with the existing works that require perfect knowledge of the channel state information (CSI). In this research, achievable data throughput with LTE-compliant adaptive modulation and coding has been adopted as the optimization measurement, rather than the information-theoretic capacity. Therefore, the performance of the proposed scheme is practically realizable in LTE communication systems. Since the performance of the proposed scheme highly relies on the accuracy of CQI feedback, we also carry out performance analysis to evaluate the impact of CQI estimation error and delay. The simulation results show that the total achievable data throughput for LTE networks is dramatically enhanced by M2M communication with this proposed interference avoidance resource allocation scheme.
enhancement on both downlink and uplink data rates, it is still challenging to accommodate the ever-increasing mobile traffic into the limited licensed spectrum.
The most commonly used strategy to reduce the heavy burden of mobile data service is to incorporate the unlicensed spectrum (e.g., Wi-Fi networks, wireless ad hoc networks, or Bluetooth) and switch from LTE networks to such systems whenever possible. However, this switch needs a vertical handoff between radio frequency (RF) systems (from an LTE licensed spectrum to an unlicensed spectrum, and vice versa), which introduces service interruption to delay-sensitive applications, such as online gaming and real-time video streaming. Moreover, the coverage range of unlicensed-spectrum techniques is usually constrained to line-of-sight (e.g., Bluetooth) or within several meters. This poses another obstacle since the communication range under an LTE scenario is generally beyond such ranges.
Due to the shortcomings of spectrum-switching strategies, technical alternatives have been developed to tackle the problem of LTE capacity saturation. The concept of mobile-tomobile (M2M) communication as an underlay in LTE networks [2] - [4] was first presented in 2009. This technique works under the licensed spectrum and, therefore, overcomes the drawbacks of the spectrum-switching strategy. The basic idea of this technique is to take the golden opportunity of two mobile users who are physically close to each other and establish a direct link between them, as shown in Fig. 1 (a) and (b). As a result, the M2M link can provide much higher throughput (due to good channel conditions in short-distance communication), smaller end-to-end delay since the data are no longer routed through an evolved node B (eNB), and lower power consumption. In addition to these benefits, M2M communication can also be exploited to improve the spectral efficiency through potential reuse of the spectrum licensed to the current LTE networks. With proper design, M2M-enabled LTE networks can obtain additional M2M bandwidth beyond the current achievable bandwidth in LTE networks.
However, enabling M2M communication as an underlay in LTE networks presents a major challenge due to potentially severe interference between LTE regular links and M2M links if they are allocated the same radio resources. For example, in the LTE downlink scenario, 1 the M2M transmitter poses strong interference to neighboring LTE regular users, whereas the M2M receiver experiences interference in the downlink signal from the eNB, as shown in Fig. 1(c) .
In this paper, we propose a novel user-selective resource allocation scheme to perform proactive interference avoidance for M2M communication in LTE downlink networks. The key idea of the proposed scheme is to assign the same radio resource block (RB) to M2M pairs and the "far-away" (i.e., least interfered) LTE regular users but different RBs to M2M pairs and M2M neighbors. It is noted that M2M links only have interference with those who share the same RBs according to the characteristic of the radio resource structure in LTE. As a result, the proposed scheme can proactively avoid the interference between M2M links and M2M neighbors. In addition, since the interference between the "far-away" users and M2M links is negligible, the proposed scheme assures that M2M communication has no harmful influence on these users although they are allocated the same RBs as M2M links.
We should indicate that the proposed user selection strategy does not rely on Global Positioning System (GPS) information to discover the "far-away" users. Instead, we take full advantage of the admission control protocol of M2M-enabled LTE networks [3] (see Section IV-A for details) and the channel quality indicator (CQI)-reporting mechanism to accomplish this task. During the admission control process, the eNB first broadcasts a pilot signal and collects CQIs between itself and all active mobile users. Then, the eNB asks the potential M2M transmitter to broadcast a pilot signal to measure the throughput of the M2M link and determine whether to establish it. During this procedure, all M2M neighbors are requested to send CQIs between themselves and the M2M transmitter to the eNB. The LTE regular users who do not respond to this request are considered to be beyond the coverage area of the M2M transmitter without interference to the M2M link. Based on CQIs obtained from the admission control process, we develop a lowcomplexity interference estimation algorithm that computes the signal-to-interference-and-noise ratio (SINR) between the eNB and LTE regular users, considering the interference from the M2M link. As a result, the LTE regular user with the highest SINR is regarded as the one that least interfered by the M2M link and, thus, considered as the "far-away" user. Furthermore, we shall point out that the proposed user selection strategy only requires CQI information that has been already adopted in the current LTE systems. Therefore, the proposed algorithm is indeed practical and standard compatible. 1 In this paper, we concentrate on LTE downlink scenarios and assume that M2M links share the downlink radio resources with LTE regular users.
The rest of this paper is organized as follows. Section II reviews the related works and summarizes the major contributions of the proposed scheme, compared with the existing approaches. Section III gives an overview of the proposed scheme. The detailed description of the proposed scheme is presented in Section IV. Since the proposed scheme relies on CQI information, we analyze the feasibility and sensitivity of using the CQI in the proposed scheme in Section V. The simulation results are shown in Section VI, and Section VII concludes this paper with a summary.
II. RELATED WORKS AND MAJOR CONTRIBUTIONS
OF THE PROPOSED SCHEME
We investigate the problem of interference mitigation for M2M communication in LTE networks in this paper. Therefore, we will review the related works of this research area in this section.
The most straightforward interference reduction strategy is based on cognitive radio technology [5] , [6] , where M2M users are allocated to a subset of the licensed frequency band that is currently not in use by the LTE regular users. As a result, there is no interference between M2M pairs and LTE regular users. While these algorithms dynamically scan and utilize the unused frequency "holes," frequency reuse is not allowed, and the gain on spectral efficiency is limited.
Attempting to further improve the spectral efficiency leads to the development of interference-avoidance-based approaches [7] - [11] . These algorithms allow M2M links and LTE users to share the same frequency-time RB while avoiding or suppressing the interference induced by resource sharing.
In [7] , a location-based interference avoidance algorithm is developed. Xu et al. proposed assigning the same RBs to M2M pairs and their least interfered LTE regular users. However, instantaneous GPS information is used in interference estimation. Although many mobile devices come equipped with GPS, it may be turned off by users to reduce the power consumption or protect privacy. Moreover, it is impractical to assume that all mobile devices are equipped with GPS. In [8] - [11] , the authors aim to reduce the impact of the interference by adjusting the transmit power of both eNB and M2M transmitters. Unfortunately, such delicate power adjustment is very challenging to implement with RF hardware. In [12] , a multiantenna precoding technique is utilized to align the signal from the eNB into the null space of the M2M links. In [13] , Xu et al. presented a game-theory-based resource allocation algorithm in which a reverse iterative combinatorial auction is introduced as the allocation mechanism. However, the works in [12] and [13] require perfect knowledge of channel state information (CSI), which is impractical to obtain in current LTE systems.
Another issue that needs to be addressed is that "sum capacity" is utilized as the optimization measure in [9] - [13] , which is an information-theoretic measure and a performance upper bound. This measure is generally not achievable in real data throughput in LTE systems with practical modulation and coding schemes. Consequently, these existing algorithms cannot be directly adapted to practical LTE systems. Recently, a practical interference avoidance scheme [14] was proposed. This scheme studies the characteristics of interference temperature among the M2M pairs and LTE regular users and utilizes CQI information (rather than CSI) for interference estimation. Liu et al. discovered that the M2M pair has strong interference with neighboring regular users but negligible interference with far-away LTE regular users when assigned to the same radio resource. Therefore, Liu et al. [14] proposed assigning the same RBs to the M2M link and the barely interfered LTE regular link to avoid the interference caused by M2M communication. However, since the CQI is the quantized CSI periodically fed back from users to the eNB, the performance of the work in [14] may be influenced by the quantization error and the feedback delay of CQI reporting. Therefore, a thorough analysis of the impact of using CQI is required to prove the feasibility of the algorithm.
In this paper, we develop a novel proactive interference avoidance scheme for M2M communication, which is capable of overcoming all outstanding challenges faced by the given approaches. The contributions of this research can be summarized as follows.
1) The proposed scheme introduces a novel user-selective resource allocation algorithm for interference mitigation, which only requires CQI information. Since CQI reporting has been already employed in the current LTE, the proposed resource allocation algorithm is indeed practical and standard compatible, unlike the existing schemes that assume perfect acknowledge in CSI [12] , [13] or require instantaneous geoinformation [7] of mobile users. 2) Instead of information-theoretic capacity [9] - [13] , we adopt achievable throughput with LTE-compliant adaptive modulation and coding (AMC) as the optimization measure. The proposed throughput estimation algorithm only acquires CQI feedback from mobile users, which enables an achievable performance in practical LTE communication systems. 3) We also perform a thorough performance analysis on the impact of CQI estimation error and delay, which allows the proposed scheme to characterize the intrinsic dependence of the system performance on the CQI feedback.
III. PROBLEM FORMULATION

A. Motivations
The smallest downlink resource unit in LTE contains two RBs and a 180-kHz subchannel lasting one transmission time interval (TTI), as shown in Fig. 2 . The key characteristic of this structure is that for each TTI, the data transmission assigned to one resource unit results in no interference with other units.
However, if two users are allocated the same resource unit, they will interfere with each other.
In this paper, we aim to gain an additional M2M bandwidth in addition to the current LTE capacity. Therefore, we have to let M2M links reuse the resource allocation unit with LTE regular users. To reduce the interference caused by M2M communication, we studied the near-far interfering effect of M2M communication and discovered that M2M links have strong interference with their neighboring LTE regular users but negligible interference to the "far-away" LTE regular users, as shown in Fig. 1(c) . By taking advantage of this finding and the characteristics of the radio resource structure in LTE, we propose a resource allocation algorithm that assigns different resource units to M2M links and M2M neighbors but the same units to M2M links and the "far-away" regular users. As a result, the proposed scheme can achieve proactive interference avoidance between M2M links and all LTE regular users.
Apparently, for a specific mobile user, the least interfered resource unit is expected to have the highest throughput. In contrast, the strongest interfered resource unit has the lowest throughput. Furthermore, if we adopt a maximum-throughput optimization criterion for resource allocation, the M2M link will then attempt to share the same resource unit, not with the strongly interfered LTE regular users but with LTE regular users that are barely interfered with by the M2M link. Therefore, we propose to achieve the desired interference avoidance via maximum-throughput-based resource allocation.
B. Mathematical Formulation
We consider an LTE cell with N subchannels, L M2M links (i.e., L M2M transmitters and L M2M receivers), and M LTE regular users. To formulate the problem, we assume the following. 1) Each subchannel cannot be assigned to more than one regular LTE user. 2) Each subchannel cannot be assigned to more than one M2M link. From the characteristic of the radio resource structure in LTE, these assumptions guarantee that the M2M links and regular LTE users have no interference within their own user communities. The intercommunity interference may still exist when an M2M link and an LTE regular user share the same resource unit.
Therefore, the problem can be formulated as a joint resource allocation among M2M and LTE regular links, which can be expressed as
where r
represents the throughput of M2M link l at subchannel n, whereas r RU m,n denotes the throughput of LTE regular link m at subchannel n. y M2M l,n , y RU m,n ∈ {0, 1} are defined as the subchannel assignment indicators for M2M links and LTE regular users, respectively. These are the unknown parameters that need to be obtained by solving the optimization problem. We have
1, if subchannel n is assigned to regular user m 0, otherwise.
Since M2M links reuse the radio resources allocated for the LTE regular links, the more subchannels allocated to M2M links (e.g., higher sum rate for M2M links) will result in greater interference to the LTE regular users (e.g., lower sum rate for LTE regular links). Therefore, the objective function (1a) is introduced to achieve a good balance for the resource allocation among M2M and LTE regular links.
To mimic practical LTE networks, we set up a maximal service bit rate for each mobile user. In particular, R m (m = 1, . . . , M) denote such rates for regular users and R l for M2M links. Q l denotes the requested bit rate of M2M link l. As a result, constraint (1c) is introduced to ensure the quality-ofservice for M2M links. In addition, constraints (1d) and (1e) are introduced to guarantee that each subchannel assigned to no more than one user.
To solve this optimization problem, we need to first calculate r M2M l,n and r RU m,n . In Fig. 1 , we can see that the M2M transmitter will pose strong interference to its neighboring LTE regular users, whereas the M2M receiver is interfered by the downlink signal from the eNB. Therefore, the throughput of a given resource unit is determined by its SINR. For a given M2M link l * in subchannel n * , the throughput (i.e., r M2M l * ,n * ) is determined by the received signal strength between the M2M pair (the desired signal), the signal transmitted from the eNB (the interference), and the noise. As a result, r M2M l * ,n * is deterministic regardless of how resources are allocated to the regular users. In contrast, for a given regular link m * in subchannel n * , the throughput r RU m * ,n * is controlled by the resource allocation of the M2M link. This is because different M2M links introduce different interference levels to the regular user. Therefore, r
In the following section, we shall present how to compute the throughput values r 
IV. PROPOSED ACHIEVABLE THROUGHPUT ESTIMATION ALGORITHM
Here, we present how to estimate the throughput of each resource unit by utilizing a practical LTE-compliant mechanism.
It is known that the throughput of a given resource unit is determined by its SINR. For Shannon-capacity-based throughput estimation, we need the CSI of the desired channel, as well as the potential interfering channels to estimate the SINR. However, perfect CSI is practically impossible to obtain in the eNB in the current LTE infrastructure. Therefore, we propose to utilize the CQI to estimate the achievable throughput (rather than Shannon capacity) for both M2M and LTE regular links. Since CQI reporting is a mature technique that has been already employed in LTE systems, this low-complexity CQI-based approach is practical for real-world implementation and can be directly applied to the current LTE systems.
Since the proposed achievable throughput estimation algorithm takes full advantage of the admission control protocol of M2M-enabled LTE networks to obtain all necessary CQI feedback, we shall first give a brief introduction to the admission control protocol in this section and then present the proposed algorithm in detail.
A. Admission Control Protocol [3]
The admission control protocol proposed in [3] is shown in Fig. 3 . This protocol determines whether to establish an M2M link in the current LTE cell. Interestingly, we can collect all the necessary CQI feedback requested by the proposed algorithm during the two-phase admission control procedure, as shown in Fig. 3 .
We consider an LTE cell with N subchannels, L M2M links (i.e., L M2M transmitters and L M2M receivers), and M LTE regular users. The detailed admission control procedure can be illustrated as follows.
Phase I: This phase is already employed in the current LTE network. In the beginning of each transmission session, the eNB first broadcasts the reference signal. Each active LTE user starts to measure the channel between the eNB and itself using the reference signal and then sends back the channel measures.
During this procedure, we can obtain the first group of CQIs requested by the proposed scheme: CQIs between the eNB and regular users (CQI eNB−RU m,n , m = 1, . . . , M; n = 1, . . . , N) and CQIs between the eNB and M2M receivers (CQI
, N).
Phase II: This phase is specifically designed for the admission control of M2M links, which requires additional effort and feedback apart from those existing in current LTE systems. As is well known, LTE is a fully integer programming (IP) and packet-based network, where each packet header contains four tuples: source IP, source port, destination IP, and destination [15] , [16] port. When the serving eNB detects that one packet comes from and destines to its own subnet, it sends out an M2M verification request to the M2M transmitter to check whether an M2M link can be established. Then, the potential M2M transmitter broadcasts the reference signal. All neighbor users who receive this signal report the channel measures between the M2M transmitter and themselves to the eNB. Then, the eNB examines whether an M2M link can be established based on a certain criterion (e.g., the M2M link has a higher transmission rate than that between the eNB and the M2M receiver).
During this procedure, we obtain the second group of CQIs requested by the proposed scheme: CQIs between M2M pairs (CQI 
. , N).
In summary, the CQI feedback of Phase I represents the channel condition between the eNB and all active mobile users (including LTE regular users and M2M pairs), whereas those obtained in Phase II indicate the channel condition between M2M transmitters and M2M neighbors.
B. Detailed Description of the Proposed Achievable Throughput Estimation Algorithm
In current LTE networks, a mapping table (as shown in Table I ) is given to represent the relationship between the CQI, signal-to-noise ratio (SNR), and the corresponding spectrum efficiency under an additive white Gaussian noise channel model. We define f (CQI) as a one-to-one mapping function between the SNR and the CQI, and g(CQI) as a one-to-one mapping function between spectrum efficiency and the CQI. Hence, the throughput per resource unit is g(CQI) × 180Kb/s [16] .
However, in M2M-enabled LTE networks, we cannot directly use the mapping function to compute the achievable throughput. This is because the available CQIs only reflect the SNR between the desired signal and the noise, without considering the cross interferences between regular LTE users and M2M links. Therefore, we need to develop a practical throughput estimation approach by taking full advantage of the CQI reporting mechanism discussed in Section III-A. ). For an M2M link, the signal transmitted between the M2M pair is considered as the desired signal, whereas the signal from the eNB to the M2M receiver is considered as interference. We define r can be estimated via the procedure shown in Table II , where floor(x) denotes the function that rounds x to the nearest SNR value in Table I (which is less than or equal to x); f −1 (·) denotes the inverse function of f (·). 2) For LTE Regular Links: For LTE regular links, the signal transmitted from the eNB to LTE regular users is considered as the desired signal, whereas the signal received from M2M transmitters is considered as interference. Therefore, we define r RU m,n (Kb/s) as the achievable throughput of the mth regular LTE user on the nth interfered subchannel, i.e., m = 1, . . . , M, n = 1, . . . , N, and utilize a similar algorithm as that shown in Table II to estimate the achievable throughput of LTE regular links.
With CQI eNB−RU m,n representing the desired channel of an LTE regular link, the SNR can be calculated as
. Now, we try to evaluate the interference caused by M2M communication. Let l * n denote the M2M link, which is assigned to subchannel n. l * n = 0 if subchannel n is not assigned to any M2M link. Then, the INR can be obtained by With the above SNR m,n and INR m,n for LTE regular users, the achievable bit rates r RU m,n can now be estimated through the following steps:
Step
Step 2. CQI m,n = f −1 (floor(SINR m,n ))
Step 3. r (for a given m and n ∀l ∈ {1, . . . , L}). Therefore, this optimization is a nonlinear integer optimization problem. In addition, since the proposed achievable throughput estimation algorithm highly relies on the CQI reporting mechanism (which only has 15 CQI values, as shown in Table I ), the achievable throughput values r Table II) . Therefore, this optimization problem cannot be solved by the standard solvers.
In addition, we notice that when M2M communication shares the downlink channel with LTE regular users, the interference to the M2M link can only come from the eNB. As a result, the interference to the M2M link is deterministic, regardless of how the resource is allocated to the regular users. On the other hand, the interference to a regular LTE user depends on the resource allocation of M2M links since the interference is from the scheduled channels of the M2M links.
Therefore, we propose a practical scheme in this research to obtain a feasible solution to the nonlinear optimization problem defined by (1a)-(1e). In particular, the proposed scheme first performs resource allocation for M2M links and then carries out subchannel assignment for LTE regular links. Notice that once we obtain the subchannel assignment of M2M links (i.e., y M2M l,n ), the achievable throughput for regular users (i.e., r RU m,n ) is no longer unknown but accessible via the algorithm presented in Section IV-B2. In the following section, we shall introduce the proposed scheme in detail.
A. Framework of the Proposed Scheme
The framework of the proposed user-selective resource allocation scheme is shown in Fig. 4 , which is composed of four steps.
Step 1. Estimate the achievable throughput of the M2M links at each subchannel with the algorithm presented in Section III-B(1). Step 2. Allocate subchannels for M2M links based on the estimated achievable throughput in step 1.
Step 3. Based on the subchannel selection results of M2M links, we estimate achievable throughput of LTE regular users at each subchannel with the algorithm presented in Section III-B(2) (since the LTE regular users only experience interference from the M2M links sharing the same radio resources).
Step 4. Perform maximum-throughput-based resource allocation to LTE regular users based on the estimated throughput in step 3 and achieve proactive interference avoidance between M2M links and all LTE regular users.
Based on the proposed scheme, we separate the original nonlinear optimization problem defined by (1a)-(1e) into two linear integer optimization problems. The objective function of the subchannel selection for M2M links (Step 2 in Fig. 4) can be expressed as
The objective function of the subchannel selection algorithm for LTE regular users (Step 4 in Fig. 4) can be expressed as
It is clear that the more subchannels that are allocated to M2M links, the greater the interference introduced to the LTE regular users. Therefore, we set R l in (2b) as Q l + max{r In the following two sections, we shall demonstrate how to solve the optimization problems of (2a)-(2c) and (3a)-(3c). The following notations are used throughout this paper.
All boldface letters indicate vectors (lowercase) or matrices (uppercase). (·)
T represents the transpose of a matrix. The notation CN (μ, σ 2 ) indicates a complex Gaussian distribution with mean μ and covariance σ 2 . R m×n and Z m×n denote the sets of m × n real and nonnegative integer matrices, respectively. I denotes the identity matrix. E{A} denotes the expectation of A, and A * denotes the conjugate of A.
B. Solving the Optimization Problem of (2a)-(2c)
To solve the optimization problem, we first convert it into a convenient matrix form. We define
Hence, the original objective function in (1a) is equivalent to 
In addition, we define
Then, constraint (2b) can be rewritten as Cy 
If we let
Finally, the objective function of the M2M links' subchannel selection problem can be formulated in a matrix form as
where F = C A , and f = b 1 N ×1 . Now, the original optimization problem has been successfully transformed into a standard form of the 0-1 (Boolean) IP problem, which can be easily solved by IP solvers such as the branch-and-bound algorithm [19] .
It is known that the computational complexity for the worst case scenario in the IP-based algorithm is 2 LN [28] . Therefore, we propose a greedy-based algorithm (as shown in Table III ) to reduce the computational complexity. The greedy-based algorithm has worst-case computational complexity of O(LN Θ), Table III , we can observe that the complexity of each iteration is equal to O(LN ). For the worst case, the iterative procedure will perform Θ times. Therefore, the overall complexity of the worst case is O(LN Θ).
where Θ = max{L, N }. Therefore, the proposed greedy-based algorithm is preferred for simple and real-time implementation.
1) Solving the Optimization Problem of (2a)-(2c):
This optimization problem can also be solved by an IP solver after being transformed into a standard form 0-1 IP problem. The transformation procedure is quite similar to that of the M2M subchannel selection section, and (3a) is equivalent to
Then, constraint (3b) can be rewritten as Dy
. In summary, the objective function (2a)-(2c) can be formulated in matrix form as
where E = D A , and e = d 1 N ×1 . We can also adopt the greedy algorithm in Table III for subchannel selection of LTE regular users (by replacing the parameters of the M2M scenario with those of the LTE regular scenario) because of the similarity between the optimization problem of (2a)-(2c) and (3a)-(3c).
VI. PERFORMANCE ANALYSIS OF USING CHANNEL QUALITY INDICATOR IN THE PROPOSED SCHEME
We observe that the proposed resource allocation scheme utilizes no additional information other than the CQI reporting mechanism, which are already employed in the current LTE networks. However, the usage of CQI may introduce two types of errors in the proposed scheme: 1) channel quantization error in the mobile user side during the CQI-generating procedure; 2) outdated CQI used in the eNB due to CQI feedback delay. In the following section, we will discuss the feasibility of using CQIs in the proposed scheme via simulation and statistical error analysis.
A. Performance Analysis on the Impact of Channel Quantization Error
CQI is a limited feedback to the transmitter, which delivers the knowledge of the quantized channel quality. To minimize the influence of quantization error, the current LTE system adopts a CQI-modulation mapping strategy in such a way that the throughput can be maximized with a guaranteed bit-errorrate level. In other words, CQI indicates that the real channel quality is within a certain range (with respect to SNR), and AMC mapping can guarantee the maximum throughput as long as channel quality is within this range. Since the proposed scheme employs the CQI-modulation mapping of the current LTE networks, the quantization error has no influence on the throughput estimation procedure of the proposed scheme, which is illustrated by the simulation results shown in Fig. 5 . Fig. 5 shows the throughput of four scenarios: 1) Shannon capacity (black line, defined in [21] ); 2) CQI-mapped throughput (red line); 3 3) experimental data throughput of various modulation-coding levels (green dashed line, perfect CSI, and without considering overhead); and 4) experimental throughput of AMC (perfect CSI, plus 20% of overhead). 4 We can see that the throughput estimated with the CQImodulation mapping mechanism in LTE matches nicely the throughput of simulations with perfect CSI knowledge and AMC. Therefore, the quantization error has no influence on the throughput estimation procedure of the proposed scheme. In addition, we observe that the information-theoretic capacity can only be considered as the upper bound of throughput, which is actually not achievable in real-world implementation.
Certainly, the accuracy of CQI detection at the mobile user side is also an important issue. An incorrect CQI may cause low bandwidth efficiency or low throughput. However, CQI detection is essentially a task of channel estimation, and it is beyond the scope of this paper.
B. Performance Analysis on the Impact of CQI Feedback Delay
In the LTE networks, CQI feedback from the mobile users to the eNB is not executed very frequently to reduce overhead. However, long CQI feedback delay induced by a large feedback period can lead to a significant mismatch between the current channel status and the CQI used in the eNB (since the eNB has to use the previous CQI before the reception of the updated CQI feedback), which may cause severe performance degradation of the proposed scheme. Therefore, we need to find a balance between the CQI feedback period and the system performance.
Here, we explore the impact of CQI feedback delay on the system performance through statistical analysis. The ultimate goal is to derive the posterior probability of a true CQI by giving the observed (outdated) CQI under the condition of different feedback delays, i.e., P (CQI = x| CQI = a), where a is a constant indicating the outdated CQI value, x is a variable representing the real CQI value, x ∈ Z and x ∈ [1, 15] . It is noted that the more P (CQI = x| CQI = a) approximates 1 at x = a, the less the system performance is influenced by CQI feedback delay.
Derivation of P (CQI = x| CQI = a): According to the radio structure of LTE, we consider the downlink communication of user k at subchannel n in a SISO downlink scenario with a Rayleigh block-fading channel. Hence, the received signal of user k at subchannel n at time t can be expressed as
where y k,n,t is the complex received signal, s k,n,t is the complex transmit signal, h k,n,t is the channel coefficient, and u k,n,t is additive noise. We assume that h k,n,t and u k,n,t are independent zero-mean complex Gaussian random variables with variances σ 2 h and σ 2 u , respectively. Let ε ∈ R + denote the average energy per symbol. Therefore, the instantaneous SNR of user k at subchannel n at time t can be given as
where γ REF ε/σ 2 u denotes the average SNR considering path loss and shadowing.
Assume that we use the outdated channel coefficient at time (t − τ ) as the channel coefficient at time t. The fading process can be modeled as a Gauss-Markov process [22] , i.e.,
where z k,n,t is a zero-mean complex Gaussian random variable with variance σ
, which is independent of h k,n,t−τ ; and ρ is the autocorrelation coefficient between adjacent channel coefficients. From (8), we see that the adjacent channel coefficients are fully correlated when ρ = 1, i.e., h k,n,t = h k,n,t−τ , which means that the channel coefficient stays constant over the duration of transmission. On the other hand, h k,n,t = z k,n,t when ρ = 0, which means that the channel coefficient is independent for each transmission. Based on the free-space scattering channel model, we have [23] 
where J 0 (·) denotes the zeroth-order Bessel function of the first kind, f D denotes the maximum Doppler shift, and τ denotes the delay. The autocorrelation of two channel coefficients with a time delay of τ is shown in Fig. 6 under different motion scenarios. We observe that the autocorrelation value quickly drops in a high-motion scenario, for example, two channel coefficients with a delay of 10 ms are fully irrelevant when the user is moving at the speed of 60 km/h. We assume that the eNB uses the outdated channel coefficient at time (t − τ ) as the current channel coefficient at time t. Suppose h k,n,t−τ is the observation after channel estimation at time (t − τ ), then we can rewrite (8) 
Since z k,n,t ∼ CN (0, σ 2 h ) and according to the property of normal distribution (i.e., if
follows the normal distribution, γ k,n,t can be modeled as a noncentral Chi-squared distribution with 2
• of freedom [25] . Thus
where
h . Assuming that the channel responses of adjacent subcarriers are independent of each user, the probability density function of the resulting SNR can be shown as [25] 
Impact of CQI Feedback Delay: Based on (12)- (14), we plot in Fig. 7 the probabilities of the true CQIs when the observed (outdated) CQIs are 9 and 15, respectively. The user's speed is set as 6, 30, and 60 km/h, respectively. To illustrate the impact of CQI feedback delays due to the LTE feedback period, the experiments are repeated with delay τ = 1 ms, τ = 5 ms, and τ = 10 ms (which are typical CQI feedback periods defined in LTE), and the simulation results are shown in Fig. 7(a)-(c) , respectively. Note that the real CQI and the observed (outdated) CQI with a delay of τ are more relevant to each other when the posterior probability P (CQI = x| CQI = a) approximates 1 at x = a, resulting in more accurate estimation of the real channel condition with the outdated CQI feedback. From Fig. 7 , we observe that under all moving conditions, P (CQI = x| CQI = a) peaks at x = a when the CQI feedback delay is 1 ms. However, when the delay grows to 5 or 10 ms, we can only assure that P (CQI = x| CQI = a) peaks at x = a when the users' moving speed is 6 km/h. Therefore, we conclude that the CQI feedback period for users with high moving speed (i.e., 60 km/h) should be set as 1 ms [according to the simulation results in Fig. 7(b) and (c)]; otherwise, the system performance will dramatically degrade. In contrast, for users with slow motion (which is the common case in M2M communication!), a long CQI feedback period (i.e., 5 or 10 ms) can be used to reduce the signaling overhead.
VII. EXPERIMENTAL RESULTS
Here, we present the simulation results to confirm the performance of the proposed resource allocation scheme.
We establish a single-cell scenario with a service radius of 500 m and downlink bandwidth of 3 MHz (therefore, the number of subchannels is 15). The number of users is 6, 15, and 30, respectively. All the users are uniformly distributed in the cell and randomly moving with a speed of 6, 30, and 60 km/h, respectively. We assume that the initial position between an M2M pair is 20 m. The wireless propagation is modeled with a Rayleigh fading model, and the path-loss model is based on the urban and suburban macrocell scenario. Detailed simulation parameters can be found in Table IV . We perform a system-level LTE simulation focusing on the admission control and resource allocation procedure. During the admission control procedure, all mobile users feedback CQIs to the eNB based on their current channel status. Let CQI k,n,t denote the CQI of user k at subchannel n at time t, which can be calculated via CQI k,n,t = f −1 (floor(SNR k,n,t )). In addition, SNR k,n,t (in decibels) can be computed via SNR k,n,t = P TX + G − P L − N + 20 log 10 |h k,n,t | (15) where P TX denotes the transmit power. P TX = P eNB for Phase I in the admission control process, whereas P TX = P UE for Phase II. G denotes the transmit antenna gain. P L denotes the path loss of user k at time t, which is a function of d(k, t), and d(k, t) is the distance between user k and the eNB at time t. N denotes the noise power, which can be obtained with N D × BW (N D is the noise spectrum, and BW is the bandwidth). h k,n,t can be obtained via (8) , where ρ is determined by the moving speed and CQI feedback delay; h k,n,t and z k,n,t follow Gaussian distribution with zero mean and unit variance.
We assume three types of traffic (i.e., voice-over-IP (VoIP) traffic, video traffic, and best effort (BE) traffic) are requested by regular LTE users, whereas only video traffic is requested by M2M links. Suppose the number of LTE regular users is M . Then, we assume that M/3 VoIP flows, M/3 video flows, and M/3 BE flows are requested by regular users, i.e., one flow for each user.
For video traffic, different transmission bit rates are selected for video sequences with different resolutions. Based on [26], for video sequences encoded by an H.264/AVC encoder at the frame rate of 30 Hz, we have four levels of bit rates: 232 Kb/s, 650 Kb/s, 1 Mb/s, and 2 Mb/s. In addition, we assume that the requested bit rate for each VoIP traffic is 11.2 Kb/s [27] and that the requested bit rate for each BE traffic is 500 Kb/s. Let R k be the upper bound of mobile user k and Q k be the requested bit rate of user k. Based on the optimization problems of (1a)-(1c) and (2a)-(2c) in the revised manuscript, we can derive that
}, where K = L for M2M links and K = M for LTE regular users.
Furthermore, we only show the performance comparison between current LTE networks (without M2M) and the proposed scheme in this section. It is not fair to compare the proposed scheme with existing CSI-based approaches. This is because 1) the proposed scheme only requires 4-bit CQI feedback from mobile users, which is much less than the overhead of full CSI feedback; and 2) CSI-based algorithms generally adopt Shannon capacity as the design metric, which is not achievable in real-world implementation (e.g., in Fig. 5 , Shannon capacity is the upper bound and is always higher than the actual throughput).
A. Throughput Versus Different Transmission Bit Rates
We illustrate the throughput performance of the proposed scheme with respect to different requested transmission bit rates in M2M links, different numbers of users, and different users' moving speed, respectively. We assume that only one M2M pair is in the cell and that the CQI feedback delay is 1 ms.
Here, we compare the performance between the proposed M2M-enabled LTE scheme and the current LTE scheme (without M2M communication). The simulation results are shown in Fig. 8 .
In Fig. 8 , we can conclude the following.
1) The proposed scheme significantly enhances the total system capacity of current LTE systems, particularly when the M2M link requests a high bit rate. In addition, the throughput of regular users is not influenced by the M2M link (e.g., the green bars, blue bars, and yellow bars in Fig. 8 are comparable in all simulation scenarios), which proves the efficiency of the proposed scheme in interference mitigation. 2) Since we assume that the number of downlink subchannels is 15, we observe a slight increase of throughput performance in Fig. 8(b) and (c) when the number of regular users is 15 and 30, respectively. In addition, we can see in Fig. 8(c) that the users' moving speed has no influence on throughput when the CQI feedback delay is 1 ms. 
B. Throughput Versus Different CQI Feedback Delays
Here, we illustrate the throughput performance of the proposed scheme under different CQI feedback delays (which are introduced by different CQI feedback periods). The experiments are repeated with delay τ = 1 ms, τ = 5 ms, and τ = 10 ms under different users' moving conditions, and the results are shown in Fig. 9 .
In Fig. 9 , we see that the total throughput of the proposed scheme does not change with small CQI feedback delays (i.e., τ = 1 ms) under all moving conditions, whereas the total throughput decreases along with the increase in users' moving speed and feedback delays. This simulation result is consistent with the statistical analysis in Section V, which indicates that a long CQI feedback period can be used when the users are moving at a slow speed to reduce the signaling overhead (i.e., τ = 10 ms for 6 km/h, τ = 5 ms for 30 km/h, and τ = 1 ms for 60 km/h).
C. Throughput Versus Number of M2M Links
Here, we demonstrate the throughput performance of the proposed scheme with respect to different numbers of M2M links. We assume that the requested transmission bit rate in M2M links is 1 Mb/s, and the number of M2M links utilized is 1-3, respectively, corresponding to 3% to 10% of total active receivers. The simulation results are shown in Fig. 10 and Table V. In Fig. 10 , we notice that the total throughput is dramatically improved by the proposed scheme. We also notice that the sum throughput of the LTE regular users decreases with an average rate of 3.3% along with the increase in the number of M2M links. Since the percentage of M2M links among all the active links in a practical LTE cell is very low, the proposed scheme can still achieve satisfactory performance for both M2M and LTE regular users. The detailed throughput improvements to the entire system with respect to different numbers of M2M links are shown in Table V . In this paper, we have investigated the problem of interference mitigation for M2M communication in LTE networks. In particular, we developed a user-selective resource allocation scheme to proactively avoid the interference induced by M2M links and provide guaranteed throughput for both M2M and LTE regular users. Both analysis and simulation results demonstrate that the total achievable capacity of LTE networks can be significantly enhanced by the proposed M2M communication framework with the proposed resource allocation scheme.
The major contribution of this work lies in the innovative utilization of CQI feedback, which provides a great inspiration for the practical and standard-compatible implementation of resource allocation design for M2M communication in LTE networks. In fact, the interference mitigation problem we studied in this paper is not limited to M2M communication but is considered as a crucial issue in many wireless technologies, such as small cells in fifth generation, wireless relay networks, etc. Therefore, the proposed scheme can be considered as a source of reference in various research areas for practical interference reduction design.
Furthermore, we focus the current research on SISO systems. With proper design, the performance of M2M multimedia communication service can be further enhanced by taking full advantage of existing research in multiantenna multimedia delivery systems [29] , [30] . APPENDIX DERIVATION OF (14) According to the definition of CQI, we have P (γ k,n,t , CQI k,n,t = a) = We can derive from Bayes' rule that p(γ k,n,t , γ k,n,t−τ ) = P (γ k,n,t | γ k,n,t−τ )p( γ k,n,t−τ ).
Hence, we can obtain P (γ k,n,t , CQI k,n,t = a) 
